their spleeus were removed, finely minced, and strained through a stainless steel wire mesh into the tissue culture medium using sterile technique. Cells were counted in a hemocytometer and cell viability was tested by the eosin dye-exclusion test (11) . On the average, 25 X 10 s spleen cells were placed in 2 ml of medium for each tissue culture.
Ant~gen.--Polymer was prepared from flagellin of S. addaide and S. waycross (H antigens) as described by Ada, Nossal, Pye, and Abbott (12) . Sterile antigen was prepared by filtering the flagellin preparation through a Millipore membrane (0.45/~ pore size) before polymerization. The sterile antigen was diluted in doubly distilled water containing 0.1% fetal caLf serum and frozen in aliquots for storage. Sheep erythrocytes were washed in normal saline and resuspended in medium at a concentration of 2 X 107 cells per ml. Iodination of antigen was by the chlornmlne T method, using carrier free preparations of x25I (Radiochemicai Centre, Amersham, England), as described elsewhere (13) . Substitution rates varied from 0.01-0.06 g atom of iodide per 30,000 g of flagella (0.7-4 ~c/#g).
Bacte~ia.--Salnwndla derby: (H antigen fg; O antigen 1, 4, 12) was used as the indicator strain for enumeration of single antibody-forming cells (14) to S. adda/de (H antigen fg; O antigen 35). S. derby shares the H but not the O antigen with S. addalde. For enumeration of antibody-forming cells to S. wayeross, (H antigen: Z4, Z23; O antigen 41), the indicator strain used was S. cerro, (H antigen: 7_,4, Z23; O antigen 18). S. cerro shares the H but not the O antigens with S. waycross. The organisms were grown in nutrient broth (12) .
Assay for Enumeration of Antibody-forming Cdls.--The cell suspension was collected sepa-rately from each culture, washed twice, and assayed for the number of antibody-forming cells, using the adherence colony method described by Diener (14) for the enumeration of cells secreting antibody against polymer, and the hemolysin microplaque technique of Cunningham (15) to assess the number of cells secreting antibody against sheep erythroeytes.
Treatment of Cells with Tolerogeni¢ and Iramunogeni~:
Doses of Antigen at a Temperature of 4°C.--Spleea cell suspensions at a concentration of 12 X 10 6 cells per 1 ml of fluid were kept in 25 ml Erleumeyer flasks on ice and the pH of the suspending medium was adjusted in a gas flow consisting of 10% CO2, 7% 02, and 83% 1~ to pH 7.3. After an appropriate amount of antigen was added to the suspensions, the containers were sealed with par~film, and transferred into a refrigerator where they were kept for various lengths of time at a temperature of 4°C. After such treatment, the suspensions were centrifuged at 500 g for 7 rain, the cells resuspended in an appropriate volume of fresh medium, and centrifuged again. After adequate washing, the cells were placed in tissue culture flasks at a concentration of 12 X lO s cells per 1 ml of medium.
Assay for the Enumeragon of Antigen Re.oztive Cdls.--Antigen-reactive cells may be defined as cells which respond to an antigen by differentiation and proliferation into a progeny of antibody forming cells. The number of such cells present in cell suspensions after in vitro culture was determined using the technique described in detail by Armstrong and Diener (8, 16) . This method makes Use of Salmonella H antigens and is patterned after a system designed for the enumeration of ceils reacting to sheep erythrocytes (17, 18) . Cells cultured for 4 days in vitro were harvested and a fixed number injected intravenously into lethally irradiated syngeneic hosts. The following day 25 /~g of polymer from S. adelaide flagellln was injected into the irradiated recipients to stimulate antigen reactive donor cells which had seeded into the host's spleen to elicit the production of antibody-forming cell populations. 7 days later, the animals were sacrificed, their spleens removed, and cut into slices 260 thick which were placed in order on a microscope slide coated with a thin layer of S. d~rby bacteria suspended in "motility agar" (0.6% gelatine and 0.4% shredded agar in heart infusion broth) at 42°C. The spleen slices were then covered with a layer of sterile "motility agar" and incubated at 37°C for 2~ hr to allow the bacteria from the lower layer of the slide to move to the upper layer of clear agar. The preparations were then kept for a further 15--18 hr at 20°C during which time the bacteria grew into a thick film. Areas of antibody production in the spleen slices were detected by the absence of bacterial growth characterized by a clearly visible translucent focus in the agar. It has been shown previously (8, 16 ) that there is a linear relationship between the number of cells injected into the recipient and the number of foci (antigen reactive cell-focus, ARC) produced in its spleen, and this is taken as an indication that each focus is due to a cluster of cells derived from a single antigen-reactive unit.
Irrad/ation.--Mice were placed in groups of 10 in plastic containers and irradiated with a dose of 850 tad. A Philips (R.T. 250) 250 key machine was used and irradiation was performed at 15 ma and a half-value layer (HVL) of 0.8 mm Cu. To maintain adequate temperature, humidity, and breathing conditions for the mice during irradiation, the plastic container was flushed with a constant flow of air at a rate of ~.~ liter per rain. number of antibody-forming cells (AFC) by day 4 was antigen dose-dependent, 2-20 ng/ml of POL being the optimal concentration. However, as the amount of antigen was increased, a sharp fall in the number of AFC was noted, and when 2-3 pg/ml of POL was added to the cultures, virtually no immune response was detected (Fig. 1) . In order to test for the specificity of this unresponsiveness, 4 X 106 sheep red blood cells (SRBC) were added to the tissue culture flasks together with 3 ~g/ml of POL. When these cultures were assayed 4 days later for the number of AFC to the two antigens it was found that the spleen cells had retained their ability to become immune to SRBC (350 AFC/106 harvested cells), but were unable to produce an immune response against POL (Fig. 1) . Similarily, the addition of an immunogenic dose of POL from S. waycross along with a tolerogenic concentration of POL from S. adelaide resulted in an average response of 249 4-83 AFC/106 harvested cells to S. waycross in the absence of AFC to S. adelaide. Cultures stimulated with S. waycross only gave an average response of 265 4-72 AFC/10 s harvested cells. To test for concomitant immunity during the early stages of tolerance induc-tion, cell suspensions cultured with a tolerogenic dose of POL were tested for the presence of AFC at 2 and 3 days after beginning the cultures. At none of these chosen time points was there any sign of an inamune reaction.
RESULTS

Antigen
Based on the phenomenon of two zones of antigen dosage which could produce immunological tolerance in vivo (19, 20) , an attempt was made to demonstrate the same effect at the single cell level in vitro. Cultures were set up for 12 hr without antigen and with different doses of POL, ranging from 2 pg3 to 0.2 ng/ml. Subsequent to this treatment, an optimally immunogenic concentration of 20 ng/ml of POL was added to each culture. Assessment of AFC was carried out after 4 days of culture. Such a time course if applied to the treatment of cells with 3/~g/ml of POL would have resulted in tolerance (7). Instead, preincubation of cells for 12 hr with antigen doses too low to be immunogenic (Fig. I ) resulted in a normal 4 day immune response when followed by an optimally immunogenic dose for 3~ days. This effect became less pronounced as the preincubation dose was reduced and finally reached the level of the control group which was preincubated for 12 hr without antigen and subsequently stimulated with an optimally immunogenic concentration of POL for 31~ days (Table I) . (8) for the enumeration of ARC was applied to spleen cell cultures. Ceils kept in vitro for 4 days either without antigen or in the presence of 20 ng/ml or 3 #g/ml of POL respectively were harvested and injected intravenously into lethally irradiated syngeneic recipients at doses of 2 to 5.6 X 106 viable cells per mouse. The mice were stimulated with 25/~g of POL the following day, an antigen dose which is optimally immunogenic in vivo. 7 days later, the spleen of each recipient was removed and assayed for the number of antigen-reactive cell foci (ARC loci). The results recorded in Table II indicate that the adoptive immune response of tolerant cells as measured by the "per cent specific activity" (per cent value of immunologically active spleen slices within a whole sequence of slices tested) is 10 % of the response of those cells given an immunogenic dose of POL in vitro and 20 % of the response produced by cells which were cultured in the absence of antigen. Based on the nonparametric rank test, the differences are significant at a P value of <0.01. the minimal concentration of antigen required to induce immunological tolerance in vitro is in the order of 2-3 #g per ml of culture fluid. For assessment of the kinetics of tolerance induction as related to the duration of treatment of spleen cells with antigen, it was decided to use 30/zg/ml of POL as the tolerogenic stimulus, since the application of 3 #g/ml to cells for less than 12 hr gave somewhat irregular results. Suspensions of 25 X 106 spleen cells/ml were incubated either in the presence of 30 #g/ml or 20 ng/ml of antigen for time intervals of 15 rain, 1, 3, and 6 hr at a temperature of 37°C. Mter such time, the cells were removed from the culture vessels, washed twice in culture medlum equivalent in volume to that used for incubation, and finally cultured in the presence of 20 ng/ml of POL for 4 days. In order to test for toxicity of the antigen during the 6 hr preincubation of cells in the presence of 30 #g/ml of POL, 2 X 106 SRBC/ml were added to the cultures, and the resulting immune response compared with adequate control groups. No significant difference was found regarding the hemolysin response elicited by the two groups, the values being 115 -4-80 AFC/106 harvested cells to SRBC in the presence of 20 ng of POL and 111 4-53 AFC/106 harvested cells to SRBC when 30 #g of POL were added for 6 hr to the cultures along with SRBC. Results regarding the degree of tolerance induced to POL relative to the time of preincubation of spleen cells with tolerogenic amounts of the antigen are shown in (Fig. 2) . Partial tolerance had been induced to a significant degree after preincubation of spleen cells with 30 #g/ml of POL for a period of 15 rain only (P = <0.01). This is indicated by a 50 % yield in the number of AFC after pretreatment with the tolerogenic antigen dose of cells, as compared with the relevant control value. As the time interval of preincubation for tolerance induction was increased, the immune responses became progressively weaker, indicating that virtually complete tolerance was established by exposing the cells to 30 #g/ml of POL for a minireal time of 3 hr.
Kinetics of Tolerance Induction as Related to the Time of Incubation of Cells with Tolerogenic Doses of
Kinetics of Tolerance Induction as Related to the Time of Incubation of Cells with Tolerogenic Doses of Antigen at a Temperature of 4°C.--Particularly inter-
esting results were obtained when spleen cells were mixed with 30 tzg/ml and 20 ng/ml of POL, held at 4°C for time intervals ranging from 1 to 6 hr and then washed twice and cultured with the immunogenic dose of 20 ng/ml of POL at 37°C for 4 days. It is shown in Fig. 3 that no significant degree of tolerance was obtained when the exposure time of cells to 30 tzg/ml of POL was kept within 1S rain-4 hr, but when tolerance induction in the cold was allowed to proceed for 6 hr, a tolerance effect was provoked. This is demonstrated by over a 10-fold difference in the yield of AFC in the tolerant group as compared with the relevant controls.
Tests to Quantitate Carry-Over of Antigen after Preincubation of Cell Cultures with Different
Concentrations of POL.--Studies were performed using ~6I-labeled POL to determine the amount of antigen carried over by cells after preincubation with various antigen concentrations. Results shown in Table III indicate that separation of the cells by centrifugation from the antigen conraining medium already reduced their contamination with POL to levels of less than 1% of the original concentration. Furthermore, no significant difference could be found in the residual amount of antigen carried over by cells, with respect to either the different antigen concentrations used, or the temperature and duration of preincubation. On the basis of this investigation, it was calculated that, under the conditions used in the experiments, viz., preincubation of spleen ceils with 30/~g/ml POL, followed by two washes, the antigen carry-over was well within the immunogenic range.
DISCUSSION
In these experiments, use has been made of a technique which allows the induction of immunity and tolerance of mouse spleen cells in vitro under conditions which enable the accurate control of the dose of antigen and the timing of its application. It was thus possible to increase or reduce the antigen concentration of the cell cultures at will and it was shown that residual amounts of antigen after antigen removal by adequate washing of the cells had no detectable influence on the experimental results obtained.
Based on the justified assumption that the focus assay for the enumeration of antigen-reactive cells (8, 16 ) provides a direct quantitative reflection of the immune potential to Salmonella H antigens of lymphoid cells, our data indicate that the number or reactivity of antigen-reactive cells is greatly clirn~n-ished in spleen ceils cultured with 30 t~g/ml of antigen in vitro. Furthermore, the quantitative assessment of such cells in an adoptive in vivo response system has served as a highly sensitive test to prove the validity of what was believed to be tolerance induced in vitro. In addition to results published previously (7) on the specificity of in vitro tolerance, it has been shown that unresponsiveness can be induced in cell cultures to S. adelaide H antigens at concentrations of 3 and 30/~g/ml along with unimpaired immunity to both sheep erythrocytes and H antigens from S. waycross which are not cross reactive with S. adelaide.
It is known from tolerance experiments in vivo, that a stage of immunity precedes the state of tolerance (21) (22) (23) . This phenomenon is believed to be due to "terminal differentiation" of initially immunized cells, which temporarily mask the tolerization of newly recruited immunologically competent cells (24) . The present investigation lends no support to the concept outlined above. It is likely that concomitant immunity during the initial phase of tolerance induction in vivo is the reflection of a heterogeneous distribution of antigen within the lymphoid system leading to both immunity and tolerance according to differences of the local antigen concentration. In contrast, the in vitro system guarantees an even distribution of a soluble antigen throughout a fixed number of cells and thus allows the exposure of the relevant target cells to equal quantifies of antigen and hence leads to a more uniform cellular reaction.
One of the striking features of successful tolerance induction is its dependence on the antigen dose used for induction. This is most dearly demonstrated by there only being a 10-fold difference in the dose of polymer present in the cultures which determines either tolerance or immunity. This, taken together with the finding that tolerance can be induced to a significant degree within 15 rain exposure of spleen ceils to tolerogenic doses of POL in vitro, strongly suggests the state of unresponsiveness at the single cell level to be the result of a direct and specific encounter of a threshold number of antigen molecules with the relevant target cell. Such a concept does not negate the increasing evidence that the immune response to some antigens may specifically be mediated at least by more than one cell class (25) . It may be that the primary target cell upon which tolerance is enforced is not even the precursor of antibodyforming ceils, but that blockage of such a cell by a tolerogenic dose of antigen would interrupt the succession of cell to cell interaction processes necessary for immunity. Experiments on transformation of small lymphocytes into blast cells (6) and on allotypic suppression (26, 27) have provided increasing evidence that the discrimination of antigenic determinants is mediated by recognition sites at the surface of immunologicaIIy competent cells. It is thought that such a mechanism would result in the attachment of antigen molecules to the cell's recognition sites. Based on the previously made assumption that there may be a threshold quantity of antigen responsible for successful tolerance induction, it follows that this threshold must be determined by the probability of antigen molecules encountering recognition sites. Such a mechanism would depend solely on laws of mass action and thus should occur at temperatures at which the cell metabolism is minimal. Our findings on induction of tolerance by exposure of spleen ceils in the cold to tolerogenic concentrations of antigen provide strong support for such a concept. Our data however do not give evidence for the mechanism of action of the cell attached antigen, which finally causes the tolerization of the cell concerned. The demonstration of two zones of antigen concentration which could produce immunological tolerance in vivo (19, 20) has prompted us to look for the same effect in vitro. Using similar conditions as for high zone tolerance induction, except for the antigen concentra-tion which in this case was kept at subimmunogenic levels, we were not able to demonstrate low zone tolerance in vitro. This indicates the possibility that tolerance in vivo to repeatedly administered subimmunogeuic doses of antigen is exerted by specialized structures lacking in a single cell suspension and these structures accumulate antigen to concentrations comparable to those necessary for tolerance induction in vitro. Such a theory based on a series of convincing experimental facts has been proposed (28) .
It was the purpose of this paper to concentrate on the basic mechanisms at the cellular level which underlie the phenomenon of immunological tolerance, and it is hoped that this approach may provide a means of interpreting some of the more complex tolerance results gained from in vivo experiments.
SUMMARY
When normal mouse spleen cells in suspension are cultured in vitro in the presence of polymer from S. adda~te flagellin, an immune response can be obtained as measured at the level of single antibody-forming cells. Cultures were stimulated with different doses of antigen, ranging from 0.2 ng to 3 ~g/ml of tissue culture fluid and it was found that the peak number of approximately 500 antibody-forming cells per 10 e harvested cells by day 4 was antigen dose dependent, 2-20 ng/ml being the optimal concentration. When more than 1/~g/ml of polymer from S. addaid~ together with either 20 ng/ml of polymer from S. waycross or with 4 X 10 s sheep erythrocytes were placed in the system, unresponsiveness to S. adelaide, but immunity to the other antigens occurred simultaneously, Cells made immunologically tolerant in vitro to S. adelaide H antigens were transferred into syngeneic lethally irradiated recipients and challenged with the same antigen. The adoptive immune capacity in these mice, as measured at the level of the {mmunologically competent cell was reduced by 80-90 % as compared with relevant controls. Attempts to induce low zone tolerance in vitro were without success. To study the kinetics of tolerance induction in vitro, cells were cultured with tolerogenic doses of antigen for various periods of time, washed, and subsequently cultured with immunogenic doses of antigen for 4 days. It was found, that immunological tolerance may be induced to a significant degree in vitro within a period of 15 min. Similar results were obtained when spleen cells were exposed for various lengths of time to tolerogenic doses of antigen but at a temperature of 4°C instead of 37°C. The results are taken as suggestive evidence that the initial step in tolerance induction is related to the direct interaction between the surface of immune competent ceils and antigen molecules.
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